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STRUCTURAL MODE CONTROL SYSTEM STUDY

John H. Wykes, Christopher J. Borland, Martin J. Klepl,
and Cary J. MacMiller
Rockwell International, B-1 Division

SUMMARY

A 10-month program was conducted to compile and document for publication
some of the existing information about the conceptual design, development,
and tests of the B-1 structural mode control system (SMCS) and its impact on
ride quality. Since the B-1 is the first aircraft to have a system such as
the SMCS designed for production and long service use, it is expected that this
report will add to the technology base for the design of future large military
or civil aircraft. This report covers the following topics:

(1) Rationale of selection of SMCS to meet ride quality criteria versus
basic aircraft stiffening.

(2) Key considerations in designing an SMCS, including vane geometry,
rate and deflection requirements, power required, compensation network design,
and fail-safe requirements.

(3) Summary of key results of SMCS vane wind tumnel tests.
(4) SMCS performance.
(5). SMCS design details,including materials, bearings, and actuators.

(6) Results of qualification testing of SMCS on the "Iron Bird" flight
control simulator, and lab qualification testing of the actuators.

(7) TImpact of SMCS vanes on engine inlet characteristics from wind tunnel

tests.

INTRODUCTION

The B-1 aircraft is one of the first vehicles to include a control con-
figured vehicle (CCV) concept in the early design phases. The aircraft has a
requirement to provide a specified level of ride quality for the crew. This




requirement has been met on the B-1 through the use of an automatic control

system called a structural mode control system (SMCS) whose main_external feature

is a set of vanes near the crew station which are canted down 30° from the
horizontal, as shown in figure 1. A substantial savings in weight was
achieved with this approach as compared to direct material stiffening. The
details of system requirements had to be determined from a production (long-
life) point of view, which has not been done before for a system of this type.
Extensive wind tunnel tests of the vane characteristics were conducted.
Analytical models of the flexible aircraft and control systems were developed
to analyze requirements and to investigate stability and performance. Compo-
nent parts were tested to the requirements in the laboratory. Flight test of
the SMCS is continuing, and comparisons with analytical predictions are being
made. Because of all of this, it has been recognized that the B-1 offers an
excellent opportunity for much needed further evaluation of such a system as
the SMCS to insure the optimum use of these systems for future applications.

The overall objective of this research area is to compile and document
information about the conceptual design, development, and flight tests of the
B-1 &4CS and its impact on ride quality. Since the B-1 is the first aircraft
to have a system such as the SMCS designed for production and long service
use, it is expected that the reports prepared will add to the technology base
for the design of future large military or civil aircraft. The specific
objectives are to:

(1) Investigate the improvements in total dynamic response of a flexible
aircraft and the potential benefits to ride qualities, handling qualities, crew
efficiency, and reduced dynamic loads on the primary structures.

(2) Evaluate the effectiveness and performance of the SMCS, which uses
small aerodynamic surfaces at the vehicle nose to provide damping to the
structural modes.

The major effort of the present study was to compile, edit, and prepare
for publication as a NASA contractor report the existing information on the
B-1 SMCS conceptual design and development. No additional analyses were per-
formed during this initial effort. However, additional analyses that would
be of value to the overall research objectives have been 1dent1fled~for con-
sideration in future study efforts.

Symbols used ih the text'of this report may be found in appendix A.
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SMCS RATIONALE

One of the principal missions of the B-1 strategic bomber involves flying
for long periods of time in close proximity to the terrain. B-1 design
requirements have produced a relatively flexible aircraft. This vehicle flex-
ibility combined with the ever-present low-altitude atmospheric turbulence can
produce an acceleration environment at the crew station which can degrade
handling qualities and general crew efficiency with a consequent degradation
of mission success. Ref. 1 reviews this ride quality problem and offers design
criteria which, when complied with, tend to alleviate the problems described.
These criteria have been formally included in the B-1 design specifications.
This report discusses Rockwell International's design approach to comply with
these requirements. ‘

The B-1 (figure 1) employs a -variable sweep wing which is swept aft when
flying the low-altitude mission. The wing is swept primarily to improve the
vehicle drag characteristics; ‘however, this is fortunately favorable to
improving the vehicle ride qualities also. The aft-swept wing has a low lift
curve slope and thus is less susceptible to turbulence-induced angles of attack
and the consequent excitation loads. Despite sweeping the wing, the level of
turbulence excitation susceptibility on the flexible B-1 was still too high to
meet the ride quality requirements. Two basic design choices remained in order
to comply: (1) add material (and weight) to stiffen the structure over that
needed for strength and flutter requirements; or (2) use automatic control ;
systems. A choice was made in favor of the latter approach because of a poten-
tial savings in weight and because of the existing depth of analytical and
flight test experience available (refs. 2 through 6) on these types of systems.

The SMCS has been designed to the fail-safe rather than the fail-operate,
fail-safe concept. This approach has been taken because the system is intended
strictly for improving ride quality; thus the B-1 will have full structural
integrity with or without the 3MCS operating. Should the system fail for any
reason, it will be centered and held and the mission continued; admittedly at
a worsened level of ride quality.

Ride Quality Criteria

The SMCS's performance ability to improve ride quality is evaluated
against a parameter called the crew sensitivity index, H. The parameter H,
is associated with vertical motion and the ?y is associated with laterai
motion. The development of the H concept of ride quality evaluation can be

found in ref. 1.
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In order to illustrate the component considerations entering the
definition of H, the vertical parameter H, will be examined. The three main
components of H, 2re shown in figure 2. The gust power spectral density shown
at the top of the figure is a measure of excitation energy in the atmosphere
as a function of the wave number, Q; or once the speed of the aircraft is
defined, the wave number can be viewed as a frequency parameter (@ = w/Vo).

The middle curve is a typical flexible airplane normal load factor due to
. a unit vertical gust velocity frequency respense plot for the crew station.
Correlating against the gust power spectral density curve, it can be seen that

- the energy in the atmosphere can excite the rigid-body (whole-vehicle) motion

* and a number of the lower frequency structural modes.

The third curve may be viewed as a weighting of the response motion at
various frequencies depending on the dynamic response characteristics of the
human body and how the human feels about them. As shown at the bottom of the
figure, all of these data are brought together in what is a weighted root mean
square (rms) normal load factor due to a unit gust intensity. If Tp were left
out of the calculation, the rms load factor, A, would be obtained.

The lateral parameter H, is developed similarly with the gust spectrum
remaining the same but with lateral load factor frequency response and the
human response function reflecting different characteristics.

The level of Hy and'ﬁy accepted as design criteria are influenced by a
number of factors including mission time; theseé are discussed and evaluated
against response characteristics of a number of -typical military aircraft in
ref. 1. ' '

The only element of the parameter that can be changed by a control system

‘ " is the contribution of the structural response to the normal and lateral load
factors.

~ Weight Savings

: » - ' The weight savings attributable to use of the SMCS was evaluated by

determining the stiffnesses required to meet the ride quality with and without
the use of the SMCS. Only the fuselage stiffnesses were affected by the trade-
offs made; the lifting surface stiffness levels were set by strength and flut-
ter considerations. Experience from several other design studies showed that
the vertical stiffness was the one requiring the main adjustment. Figure 3
shows two levels of stiffnesses determined from the comparative study: As

~indicated, the lower level curve met all requirements for strength, stability
and control, and flutter, but fell short of providing stiffness enough for
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ride quality compliance. The higher level curve provides the required level
of stiffness to meet the ride quality requirement. The initial level of this
latter stiffness was set by establishing a frequency requirement for the first
fuselage mode of about 2 Hz; this had been established as a criterion as the
result of several earlier design iterations which showed that when used in
detailed computations, ride quality criteria could be met. The weight asso-
ciated with the difference between the two curves was evaluated as the weight
savings attributable to the SMCS.

To establish the basis for determining what was paid in SMCS weight for
the stiffness savings, a brief description of the proposed system is required
The external features of the SMCS as originally proposed are shown in figure 4;

a small 0.697 m2 (7.5 ft2 ) (total area) pair of horizontal vanes was located
at the nose to control vertical structural motion, while the lower rudder panel
was used to control lateral structural motion. The lower rudder panel also
was used by the yaw stability and control augmentation system (SCAS).

Table I summarizes weight elements of the trade-off study made. It indi-
cated that a total of 4482 kg (9880 1b) of stiffening weight would have had to
be added to the fuselage to meet ride quality requirements without the SMCS.
Also shown are the component weights and the total of 182 kg (400 1b) which
was estimated for the proposed SMCS. Thus it was estimated that a weight
savings of approximately 4300 kg (9480 1b) could be realized in meeting the
ride quality requirements using an SMCS. As will be discussed in subsequent
sections, the details of the SMCS have changed during development, but these
changes have not invalidated the order of magnitude of the estimated weight
savings. A continual tracking of the weight savings has not been made on as
detailed a basis as discussed here. The fact that the SMCS continued to be
required to meet specification ride quality levels served as proof of a con-
tinuing weight savings through its use.

KEY SMCS DESIGN CONSIDERATIONS
SMCS Concepts

A successful design for structural mode control embodies control of lower
structural modes, up to 10 Hz, for a wide range of vehicle weight, configura-
tion, and flight condition changes; and control of structural modes without
interference with basic handling qualities. Solutions to these requirements
were defined during the Air Force-sponsored research documented in refs. 2, 3,
and 4. From these studies, a concept of implementation called identical loca-
tion of accelerometer and force (ILAF) was developed and verified. This con-
cept was used on the B-1.
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TABLE 1. — STRUCTURAL MODE CONTROL WEIGHT SUMMARY
Item Without SMCS With SMCS Weight A
. . 4482 kg -4482 kg
Fuselage stiffness increment (9880 1b) 0 (-9880 1b)
Structural mode control
SMCS fin, support,
and bearings 40.82
(90)
Support frame and backup 36.39
(80)
Actuator and controls 11.34
(25)
Accelerometer 2.27
(%)
Servo 4.54
(10)
Hydraulic system change 38.56
, (85)
Rudder actuation and 15.88
controls . (35)
Servo 9.54
(10)
Accelerometer 2.27
(3
Hydraulic system 11.34
; (25)
Miscellaneous 13.61
(30)
Subtotal structural mode +182 +182
(+400) (+400)
e L -4300
Total weight saving (-9480)
10




A simplified explanation of the ILAF system tecchnique is diagrammed in
figure 5. The controlling force on a particular structural mode is called
the generalized force. Thls force is the product of the ith normalized natural
vibration mode shapeﬁ ¢1, at the force application point and the force magni-
tude, F; that is, F¢.. The structural acceleration at a given point on the
vchlcle is the product of the normalized mode shape, ¢.', at a given p01nt on
the vehicle and the generalized coordinate acceleration 1j;; that is, ¢1 iz -
For the control system to be stable at effective gain levels, K, of a fixed
sense, the sense of ¢1 and ¢ must always be the same. One way of insuring
this requirement for all modes, 1, simultaneously, is to place the senslng ele-
ment and accelerometer at the force application point; thus, ¢F ¢ With
this arrangement, both the magnitude and sense of ¢F and Py may change as fuel
or vehicle geometry varies during flight without changing the net effect on
the sense of the feedback loop. More detailed explanations may be found in
ref. 2. This sensing scheme solves the basic problem of designing for changing
vehicle and flight condition combinations. Many systems can be conceived that
work well at one design point, but it is more difficult to produce a design
that will accommodate the wide range of vehicle and fllght conditions normally
experienced.

Another key element of the ILAF system is the approximate integration
of tne accelerometer signal to obtain the required velocity signal to activate
the damping force. This approximate integration makes use of existing lags in
the actuator and other system components, thus simplifying network shaping.

Unless an attempt is made to isolate sensed structural motion from rigid-
hody motion, the ILAF scheme can affect the short-period or Dutch-roll charac-
teristics. The scheme that employs the difference signal of two linear accel-
erometers (figure 6) can satisfactorily perform the desired motion-sensing
separation. One accelerometer is located near, but not on, the control sur-
face, while the other is located near the vehicle center of gravity. These
sensors pick up three components of acceleration - that experienced at the
center of gravity when the vehicle as a whole accelerates, n,cg; that due to
rotary acceleration, ¢, about the center of gravity, which appears as linear
acceleration at a distance off the center of gravity, - g q; and,ﬁhat due to
structural acceleration at a particular point on the vehicle, le’¢1 r
Experience gained from working on several flexible vehicles shows that when the
signal from the sensor near the center of gravity is subtracted from the other
sensor signal, the result is essentially a reinforced structural signal,

Ao,

. . AL .
—7;~ n; for the lower frequency modes and. some small pitch acceleratlon-g—-q;

‘The whole-vehicle translation acceleration signal of the center of gravity is
completely canceled. A low-pass filter can be used to avoid potentlally inter-
fering signals from higher frequency modes

11
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Key features:

o ldentical location of accelerometer and force (ILAF)
o Approximate integration of acceleration to obtain velocity signal

Accel
F . (A
LFe; Vehicle In;¢;
Control » dynamics >
force
Approximate
integration
. A .
In. ¢ K
< S + 1 <

Figure 5. - Simplified illustration of ILAF structural mode control

Control surface

deflection §

system concept.

§ .
+ 2’6 . +Z ¢i N
.nZ g g q g ni
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Signal from accelerometer at control surface

=

Vehicle
dynamics

%

. cg
cg . d)i .
nZ + — . q + —é_- ni
cg 9

1 signal from accelerometer at cg

compensation

Figure 6. - Sensor scheme for separation of sensed structural motion
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Figure 7 shows typical root loci of an ILAF system. The illustration
includes the longitudinal short-period, or rigid-body mode, and four symmetric
modes for the XB-70, and illustrates the ILAF sensor-force scheme and separa-
tion of sensed rigid-body and structural motion. The loci of the poles-to-
zeroes are typical of an ILAF system. Where there is movement with increasing
gain, as shown for modes 1 and 2, the movement is out into the left plane,
which is a stable direction. The interlacing of poles and zeroes set up by the
ILAF scheme produces this effect. Damping is increased significantly in
modes 1 and 2, while modes 3 and 4 are little affected but remain stable.

The short-period characteristics set by the regular stability augmentation
system (SAS) are little affected. The ramification of this is that the ILAF

system can operate satisfactorily without the SAS and that the SAS can operate
without the ILAF system.

Extensive analytical verifications of the concepts described are reported
in refs. 2 through 5. During the joint Air Force - NASA flight test program
for the XB-70, experimental proof was obtained of the validity of the ILAF
SMCS concept. The system installation was an exploratory device, not an opti-
mum system, and was constrained to use of existing control surfaces and actua-
tion components. Figure 8 shows the location of the TLAF system sensors and
control surfaces for the longitudinal-symmetric SMCS.
employed the principles explained in figures 5 and 6.
tem design effort were reported in ref. 5.

This sensor arrangement
The details of the sys-

When the SMCS was tested in turbulence, the pilots reported a definite
reduction in crew compartment acceleration with the ILAF system operating.
These flight test results are reported in ref. 6. In addition to this physical
demonstration, the program provided important detailed design informaticn on
compensation, sensing, control surface size, and actuation, as well as experi-

ence with general system installation and checkout. This progress was
reflected in the B-1 SMCS design.

Also during the XB-70 flight test program, Rockwell designed and installed
a small pair of shaker vanes forward of the cockpit, as indicated in figure 8.
These vanes were used to force structural motion in flight, as described in
ref. 7. The proposed SMCS control vane installation in the B-1 was similar to
the shaker vane installation. The XB-70 vane had 0.372 m2 (4 ft2 ) of total
exposed surface area, while the B-1 control vane had 0.697 m? (7.5 ft2), A
study design to turn the XB-70 shaker vanes into an SMCS had been completed,

and implementation had begun, but the XB-70 flight program was canceled before
flight testing could be accomplished.
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Figure 7. - Typical ILAF system root loci.
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Figure 8. - Location of XB-70 ILAF system sensors and control surfaces
for longitudinal-symmetric mode control.
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Control Surface Selections

A forward-located control vane is an optimum force generator for
structural mode control to improve ride quality. This can be seen in figure 9a,
which displays the fuselage component of two whole-vehicle-free vibration modes
that are composed primarily of first and second fusclage bending. A measure of
control for a given structural mode is expressed as a generalized force defined
as the force (F) multiplied by the mode shape at the point of force application,

¢F, that is, I¢ The figure demonstrates that for the maximum control of a
mode for a glven force magnitude, the force should be placed on a vehicle
extremity. However, because the goal is to improve ride quality, the force
should be constrained to a forward location near the crew station. Therefore,
if a mode is contributing to pilot motion, the force generator can control it.
1f the crew station is on a node line, there is no crew motion from that mode,
and the force generator cannot (and need not) be effective.

The initially proposed location of the horizontal control vane forward of
the crew station at the fuselage maximum breadth permitted use of the smallest
surface possible for the degree of vertical ride quality control required.
Small size was desirable to reduce drag, minimize destabilizing effects on
static stability, and minimize fail safety effects of hardover failures.
Results of low-speed wind tunnel tests of the proposed horizontal control vane
indicated that the vane drag increment was so small as not to be identifiable
in the measured data, while the pitch destabilization was insignificant. Addi-
tional wind tunnel results are the subject of more complete discussions in a
following section of this report.

In addition to reasons of aerodynamic drag and stability, a small vane
was desirable for control implementation. A small surface can be moved faster,
power needs are lower, and nonlinear effects of control surface threshold and
hysteresis are minimized relative to total surface maximum deflections. The
vertical location of the vane was selected so as not to obscure pilot vision
or distort the engine inlet flow.

While the logic for placing a vertical vane for lateral control near the
crew station could have been developed in the same way as that for the hori-
zontal contiol vane, it was not practical to place a forward vertical vane on

- the aircraft because conflicts would have resulted with internal equipment

arrangements. An optional location for a structural mode control at the rear
of the vehicle was selected, and the lower-segment rudder used as a control
force generator. As can be seen in figure 9b, the control force would be effec-

~tive on the whole-vehicle antisymmetric modes that are made up mainly of fuse-

lage first and second bending mode components. One primary disadvantage of the
rudder was the possibility of obtaining a higher frequency mode of s1gn1f1cance

to pllot ride quallty with a large mode deflection at the pilot Qtatlon (¢ )
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Controllability = force (f) x mode deflection (¢i)
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but a node Tine at the control force application point so that controllability
would bc lost, b¢{ = 0.

As noted, the structural mode control force generators just described werc
as originally proposed. Subsequent development work dictated a reevaluation of
these initial choices. Characteristics of the lower frequency fuselage modes
changed in a manner that left the rudder ineffective in controlling the pilot
station motion. When this fact became apparent, the need to consider lateral
force sources at the forward end of the aircraft became mandatory.

As previously mentioned, control surfaces in the vertical plane at the
forward end of the aircraft had been considered but eliminated from consider-
ation due to interference with other design requirements. At this point it was
decided to cant the vanes down 30° from the horizontal as illustrated in fig-
ure 10 and use symmetric defiections to produce vertical forces and differen-
tial deflections to produce lateral deflections as shown in figure 11. Anal-
yses of ride quality of the vehicle at that stage of development showed that
sufficient control existed in both the vertical and 1ateral axis to meet ride
quallty requirements.

- The fore and aft location on the fuselage, the planform geometry, and the
vane area have changed during the development phase of the system. The proposal
configuration had the vane (pivot) located at fuselage station 482.6 (190) as
shown in figure 9a. As internal structure and equipment arrangements were
better defined, the vane was moved to fuselage station 581.7 (229). Figure 9a
showe that at this second location, a vane of fixed area would have less control
(F¢1)ofthe first symmetric fuselage mode since ¢§ was reduced while F stayed
fixed. To compensate for the smaller 4¢3, the planform total area was increased
by the ratlo of ¢P d/¢new from the orlglnal 0.697 m? (7.5 £t2) to 0.929 m?

(10 £t2 ). Then when the decision was made to cant the vanes to 30° for lateral
control, the total vane area was increased to 1.068 m? (11.5 £t2 ) or

0.929 mé/cos 300 (10 £t2/cos 30°) in order to hold the vertical force component
constant.

The planform characteristics of the vane, at this point in the design
process, appeared as shown in figure 12. The planform was selected to have a
low-aspect ratio of moderate sweep and taper ratio in order to permit building
as stiff and light a surface as possible and yet have linear force character-
istics over the range of de51gn deflections. Wind tunnel tests were conducted
on the 1.068 m® (11.5 £t2), A = 35° configuration to determine the force char-
acteristics over the design range of deflections and angles of attack. The
specific data will be reviewed in depth in subsequent sections; suffice it here
to say that these tests showed that the force characteristics were highly non-
linear and not satisfactory for the proposed design. '
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Figure 10. - Vane configuration for vertical and lateral
bending control.
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Figure 11. - Vane control forces.




e

)
.
-
.~
o
-

~>

2

| S, =1.07m (Total, both sides)
i v 2
: (11.5 ft4)
| AR = 2.5
| A, = 35°
Fuselage M_
A =0.20

Airfoil = 65A-005

0.634
N N V‘(OeQS) Dihedral = -30o

Deflection = 1200

WP at = 77.47
(30.50)

Units on sketch

centimeters (in.)

!

18.76 (7.39)

Pivot axis |
S Fus sta 581.71 |
| (229) | |
gv ] - 109.00 | ’
| (h2.89) | ¥§;°55>
; ‘ | | 21.79 (8.58)
| | _ i
o | »
[ I
|
& 31.78 )
= Theoretical (12.51) )
ﬁ" ‘root : ,
E~§ ’ ¢ 8].7] >

(32.17)
Figure 12. - Original structural mode,tphtrol'vane geometric characteristics.

19




A

When these degraded force characteristics were discovered, analytical
methods were used to select a new planform configuration. The USAF Stability
and Control Methods Handbook (DATCOM) technique, described in appendix B, was
programmed for the IBM S/360 and used to perform a parametric study of the Gy
(vane body axis reference) versus e characteristics of various planforms. The
leading edge sweep angle was varied from 35° to 65°, the aspect ratio from 2 to
3, and the taper ratio from 0.1 to 0.2. Different thickness airfoil sections
were also included. Results of the parametric study are given in appendix B.

It was found that a planform with 60° leading edge sweep, but with the
same aspect ratio (2.5) and taper ratio (0.2), and thickness (5 percent) as
the original vane gave far more favorable normal force characteristics, and
still seemed to be within the realm of practical construction. A 65° swept
vane with 0.1 taper gave the most favorable characteristics, but would in all
probability have had unsatisfactory stiffness characteristics. Accordingly,
the 60° swept vane was identified as the primary candidate for a "modified
SMCS vane. The modified SMCS vane is shown in figure 13. The total and dis-
tributed force characteristics based on linear theory are given in appen-
dixes B and C. The predicted normal force curves for the original and modified
SMCS vanes are shown in figure 14. Although some reduction in linear normal
force curve slope is evidenced by the modified vane, this is largely counter-
acted by the slightly nonlinear increase due to leading edge vortex suction at
small to moderate angles of attack. For large angles of attack, the advantage
for the modified vane is clear.

SMCS Mechanization

The mechanization of the SMCS is presented in figure 15. Some of the
numerical values associated with elements of the block diagram shown have
changed during the system development, but the mechanization has remained
essentially as shown from proposal through fabrication and test. The system
consists of two basic functional parts; one is associated with operating the
vane panels in unison to control symmetric structural motion (vertical system),
and the other is associated with operating them differentially to control anti-
symmetric side bending structural motion (lateral system).

The implementation of the basic ILAF concept can be seen in the placement

- of the vertical and lateral accelerometers at the same general location as the

control vanes. To augment this principle by eliminating most of the rigid-body
motion, a second set of accelerometers is-placed near the center of gravity.

- Because the rigid-body motion content and lower structural modes only are

desired from the signal of the center-of-gravity accelerometer, the signal is
passed through a simple lag which eliminates higher frequency structural mode
content. O
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After the difference signal from the accelerometers at the vane and at the
center of gravity is obtained, it is passed through shaping and a notch filter
designed to climinate the primary natural frequencies of the vane-actuator
installation. The signal then passes through a gain which is scheduled by
dynamic pressure from the central air data system. The primary utilization of
the SMCS will be during low-altitude high-speed flight. The speed and altitude,
however, will vary over a limited range; thus dynamic pressure gain scheduling
was selected to maintain control force effectiveness.

The functional intent of the system is to produce structural damping;
thercfore, the signal to the force actuation devices must be proportional to
structural velocity. This velocity signal is obtained by appropriate gains and
shaping networks. Selections of the gains and shaping networks are a function
of the structural, aerodynamic, and actuator dynamic characteristics. Basic-
ally, simple lags are used to approximate integration of the structural accei-
eration signals to obtain the required velocity signals.

Washout networks are used to effectively disengage the vertical or lateral
functional parts of the system in event of hardover failures. In addition to
isolating hardover failures, the washout networks attenuate rigid-body (whole-
vehicle) response acceleration signals that cannot be canceled by the acceler-
ometer signal differencing.

After the washout circuits, the signals are divided and proceed to the
independent left and right vane-actuator assemblies. Before reaching the
actuators, however, the signals pass through electronic limiters in the
circuits. These electronic limiters prevent the vane actuators from making
hard contact with the physical actuator throw stops.

Depending upon whether the signals come from the vertical or lateral motion
sensing part of the system, the actuators move the left and right vanes in uni-
son or differentially to produce the required aerodynamic control forces. The:
system will also respond to mixed signals from the vertical and lateral sensor
systems. Pressure sensors coordinate the force output between the forward and
aft actuators. '

There are two actuators associated with each vane so that a free floating

‘vane can be avoided in event of a malfunction. Use of the dual hydromechan-

ical components insures that the vanes can be returned to neutral position, and
held when disengaged manually by the pilot or automatically by the SMCS moni-
tors. The monitors use vane deflection and maximum vane rate information
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to detect malfunctions. The part of the monitor that uses vane deflection
information consists of a duplicate of the electronics from the shaping nctwork
output to the actuator input and an electronic model of the actuator. Thus,
differences hctween the command vane position and the actual vane position
exceeding certain values for a specified time interval are used to automatically
disengage the SMCS. The part of the monitor that uses vane maximum rate infor-
mation disengages the SMCS when maximum rate is sustained for more than an
accunulated number of seconds during a specified time interval. This latter
monitor is designed to handle dynamic instability possibilities such as limit
cycling.

In the early design phases it was thought prudent to design the SMCS so
that it would operate only in conjunction with the SCAS. Thus, any unforseen
hardover vane failure effects on rigid-body motion would be attenuated. In
retrospect, it appears that this design approach is overly conservative because
of the SMCS vane small size.

The SMCS is not designed to operate continuously. There is a cockpit
switch enabling the crew to turn the system on prior to low-level flight and
turn it off afterwards. Also, while not specifically noted on the block dia-
gram, there is a switch mechanized so that the system is disabled automatically
as the landing gear is lowered and enabled as the gear is raised. This feature
is necessury to preclude the vane from inducing inertia reaction forces in the
absence of aerodynamic forces which will cause instabilities (the so-called
""tail wags dog'' phenomenon) if the switch is accidently left on or during ground
testing.

SMCS Vane Wind Tunnel Test Results

The original aerodynamic-characteristics of the vane were estimated using
a lifting surface theory which assumed the fuselage to act as an infinite end
plate. These data sufficed for preliminary design analyses; but as more
refined analyses were needed to support detailed design, wind tunnel testing
was required to define the actual effectiveness of the SMCS vane and its inter--
ference effects on other aircraft components. Two different models were used
in these tests: (1) a 0.036-scale force model, and (2) a 0.1-scale forebody
force model. Tests were run on both models in the North American Aerodynamics
Laboratory (NAAL) Tunnel at M = 0.23 and in the Trisonic Wind Tunnel (TWT) at
M = 0.85. The low-speed tests were run to provide physical understanding of
the various flow phenomena and indicate trends to be used in the development of
the SMCS vane configuration. The high-speed tests were run to provide design
verification and information for the B-1 ride quality analyses. Emphasis in

this report will be placed on displaying the M = 0.85 data.
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It is of interest to note that an extensive literature search revealed
that little or no aerodynamic data have been generated on the type of configu-
ration being discussed here, particularly with respect to the relatively large
deflections and the differential deflection feature.

Determination of vane local flow angle. - Before proceeding, it is
desirable to establish an important basis for comparisons of test data. per-

“tinent to this is the definition of the local angle of attack of the aero-

dynamic surface. The basic vane panels are situated on the nose of the air-
craft and project perpendicular to the mold line at a dihedral angle of

-30°, Thus the local angle of attack on a vane panel is composed of the com-
ponent of the vehicle angle of attack resolved into a plane perpendicular to
the plane of the panel; the local downwash angle, induced by the fuselage nose,
in the plane perpendicular to the plane of the panel; and the angle of attack
caused by deflection of the vane panel about its axis of rotation from a refer-
ence plane parallel to the fuselage reference line (FRL).

The local angle of attack, then, defined in terms of these components is:
= - +
a, acosT’ € 6

where

a Angle of attack of vane panel, in plane perpendicular to
vane surface 0-av,produces + normal force)

o Angle of attack relative to fuselage reference line

r Vane dihedral angle

€ Angle of downwash in plane perpendicular to vane panel
surface (opposite sense of a)

8 Control vane deflection (same sense as a)

 The effective downwash angle at the vane location has been.deterunned.by
the following method:

(1) The variation of airplane pitching moment with angle of attack
was measured with the vane off and with the vane on at various deflections.
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(2) The incremental pitching moment between vane off and vane on and
deflected were plotted against geometric angles of attack at the vane
(acos I'+ 6 ) for various airplane angles of attack.

(3) For any given airplane angle-of-attack curve, the value of
(acosT+6) at which the incremental pitching moment was zero was taken to
be equal to the downwash angle.

The downwash angles determined by this method from the test data af
M = 0,85 are given in figure 16. The estimated accuracy of this method for
detemmining € is *1/2 degree.

Original vane characteristics (Ay= 350). - Figure 17 displays the vane

normal force effectiveness data for the original vane (Ay= 35°). As shown,

the data are the normal forces (in coefficient form) produced by moviag the
vanes symmetrically through the range of available deflections. It was the
character of these data that led to the previously discussed study of the local
flow angle at the vane. It was observed that the normal force produced by a
+209 deflection at o = 09, was far greater than the normal force produced by a

' +130 deflection at a = 8°, where it was assumed that the local angle of attack

on the vane was composed of the aircraft angle of attack times cos T plus the
vane deflection (a =qcosT'+6).

The data of figure 17 were the deciding factors in seeking a new vane
configuration. The loss of normal force effectiveness at o = 4° was judged to
be too severe for positive vane deflections.

Plotting the normal force data against the vane local angle of attack,
oy, gave additional valuable insight into the flow phenomenon around the vane.
(The reader is reminded that Cy is in the aircraft axis system, while oy is in
a plane perpendicular to the plane of the vane.) As demonstrated in figure 18,
the data plotted in this manner define a single normal force curve. The
characteristics of the curve on the negative attitude side were evaluated as
quite satisfactory, but the rolloff of the force characteristics above
ay = +100 was judged unsatisfactory.

_ The side force effectiveness data resulting from differential deflection

"~ of the vanes are shown in figure 19. Here, as in the case of the normal force

effectiveness data, there was concern for the fact that the effectiveness
dropped off markedly with angle of attack.

Modified vane characteristics QNV=-600)..— The reader has been exposed
earlier to the analytical effort that was initiated to define a new planform
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Note: € is measured in plane perpendicular to control
surface, sense opposite to sense of a,

o is measured in vertical plane of symmetry
relative to FRL.
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Figure 16. - Vane-fuselage interference downwash angle
: versus vehicle angle of attack, M = 0.85.
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thich would hold both normal force and side force effectiveness to an accep-
table level over the required range of vane deflections and angles of attack
of the aircraft. All basic geometric characteristics of the original vane
were retained in the modified vane with the exception of the leading edge sweep
angle which was changed from 35¢ to 60°. .

As can be seen by comparing the normal force effectiveness data of the
A~ 600 vane in figure 20 with the similar data for the A= 350 vane in fig-
ure 17, a significant improvement over the whole angle-of-attack region was
obtained with the modified configuration.

The normal force curve for the modified vane shown 1n figure 21 has linear
characteristics for the critical positive ay to over +15° , while for the nega-
tive ay the curve is linear to over -25°, the maximum angle investigated. A
detailed comparison of theA, = 60° curve of figure 21 with the Ay = 350 curve of
figure 18 will reveal that the slight loss of normal force curve slope predicted
by the analytical data of figure 14 did not occur. The asymmetry of the large
angle data is attributed to induced loads on the fuselage.

The side force effectiveness for the modified vane was considerably
improved in linearity, as well as in magnitude, over that for the basic vane
as comparison of figure 22 and figure 19 demonstrates.

It was obvious that symmetric deflections of the vane would not produce
coupling forces into the side force axis. It was not obvious, however, that
antisymmetric (or differential) deflections would not produce coupling forces
into the normal force axis. In fact, the asymmetry of the normal force curve
gave a clue to the possibility of coupling. Normal force data recorded at the
same time as the side force data, which produced the effectiveness data of
figure 22, provided the coupling information displayed in figure 23. Up
through 10° differential deflection, no coupling is induced. At anticipated
flight attitudes between a = 0 to +49, the coupling is light to moderate at
maximm differential deflection of 200.

In operation, the SMCS commands both symmetric and differential
deflections simultaneously. To obtain some insight into coupling induced
in these circumstances, tests were run where a symmetric deflection of first
=109 and then +10° was set and differential deflections of +10° were super-
imposed. The results of these tests are shown in figures 24a and 24b, respec-
tively. Under these rather severe conditions, the coupling is slight to mod-
erate over the angle-of-attack range.

The impact of this coupling it was felt, would be minimized in a practical

SMCS operational context by the fact that the normal axis féedback;ioops would
quickly damp out these potential excitations. ,
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Vane interference effects. - When the SMCS vane panels are deflected,
either symmetrically or antisymmetrically, the increase in normal force is
accomplished by the development of circulation around the vane panel. This
circulation is shed from the trailing edge of the vane in the form of trailing
vortices. These vortices, which quickly roll up into distinct vortex cores and
are convected downstream, cause regions of interference flow to be developed
over the other components of the aircraft such as the body, wings, and
empennage. These interference flows induce pressure fields, and hence net
forces, on these components which may be significant when compared with the
forces applied to the aircraft by the vane panels themselves.

The purpose of this section is to describe the interference effects that
have been observed during wind tunnel tests of the SMCS vanes in conjunction
with various combinations of aircraft components. The interference contri-
butions to vertical and lateral effectiveness will be discussed separately;
first vertical then lateral interference effects will be covered. Data for
both the original (35° sweep) and modified (60° sweep) vanes will be reviewed.

The interference between the vane and the forebody may be seen in the
asymmetry of the normal force curves of figures 18 and 21. This asymmetry
arises because of (1) the location of the vane on the lower part of the fuse-
lage cross section; and (2) the asymmetric shape of the forebody about a
horizontal plane. The interaction between the upwash or downwash (depending
on the sign of the vane deflection) field emanating from the vane panels and
the pressure distribution on the body is a complicated one. It appears that
the vane induces a downward load on the forward part of the body, irrespective
of the sign of the vane deflection. Thus, the magnitude of the vane contri-
bution to the body is reinforced for negative vane deflections, but degraded
for positive vane deflections. The source of the downward load may be the local
pressure interaction between the vane and the body surface, or the low-pressure
regions induced on the body surface by the vortex emanating from the vane, or
a combination of these two effects. At least some of the downward load appears
to act on the body aft of the vane, since the effect is more pronounced in the
total normal force than in the pitching moment, indicating an aftward shift in
the center of pressure. :

An indication of the magnitude of this interference may be seen by compar-
ing the predicted effectiveness curve for the modified vane with the actual
effectiveness derived from wind tunnel data. Such a comparison is made in
figure 25 on the basis of absolute values of pitching movement versus
deflection. >
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The path of the vortices leaving the tip regions of the vane is highly
dependent on both airplane angle of attack and vane deflection. In order to
obtain a qualitative understanding of the flow-field behavior, smoke flow
photographs were obtained during low-speed wind tunnel tests. Smoke released
by a probe positioned ahead of the tip of the vane is entrained in the vortex
flow, which is a low-pressure region. Figures 26 and 27 are sketches made from
typical smoke flow photographs. In figure 26, the vane deflection is +20°, and
the airplane angle of attack varies from +4° to -4°. At +40, the tip vortex
trails back from the vane until it is strongly affected by the flow about the
wing glove region. The vortex then splits into two separate wake regions,
passing under and over the wing. At 09, the entire vortex region passes
below the airplane, between the nacelles, but close to the surface of the body.
At -49, the vortex region passes down and away from the airplane, being about
a full diameter below the fuselage at the aft end.

In figure 27 the vane deflection is -20°, and the vortex path is quite
different for the same angles of attack. At +49, the vortex passes up.and over
the wing and the fuselage, and passes very near the horizontal tail close to
the centerline of the body. At 00, the vortex is split by the wing glove
region, while at -49, the vortex passes underneath the wing and fuselage, but
close to the surface. The exact location of the smoke in the photographs is
sensitive to the probe location, and thus should be used only for a quaiitative
indication of the interference effects.

It should be noted here that the normal force and pitching moment data for
the built-up configuration may be used to provide quantitive measurement of the
forces generated on the various components by steady-state deflection of the
vane. They cannot, however, be used directly to describe the aerodynamic input
of the SMCS to vehicle dynamic response. To adequately predict the effects of
the SMCS operating in response to turbulence, these incremental loads must be
applied with proper phasing due to flow disturbance transport time lags. It
will be recalled that the controlling input to a mode was called a generalized
force which is made up of a point force at location "q'" (in the simplified

m
approach) multiplied by the local deflection of a particular mode( ) Fqcbg),
, q-1
Figure 28 shows pitching moment data for a buildup of aircraft components
taken for the original vane at M = 0.85 at 29 angle of attack, approximating

the normal trim angle. Pitching moment data are used here because the magni-
tude of normal force measurements were not accurate enough to obtain incremental

40

I3




Note: Sketches made from actual smoke probe test photographs.

Interference flow from structural mode control vane,

Figure 26. -
low speed, § = +20°.
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Note: Sketches made from actual smoke probe test photographs.
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sane data for the small scale (0.036) buildup models tested. The significant
interference load seems to be that of the forebody, but data for negative vane
deflections show an additional effect on the horizontal tail. Buildup pitching
moment data for the modified vane are shown in figure 29. For this configura-
tion, forebody interference loads are greatly reduced, but there are additional
interference effects on the wing stub and afterbody. For large negative vane
deflections, there is still a large horizontal tail load.

Interference effects of a similar nature to those described in previous
paragraphs have also appeared in the lateral effectiveness data. The lateral
interferences, however, have proven to be a more difficult phenomena to under-
stand due to the necessity of considering each vane panel and its interaction
with the body separately. A schematic of explanation of the vane-forebody
interference phenomenon is given in figure 30. In figure 30a, the vanes are
deflected symmetrically in the positive direction. The trailing vortex behind
each vane induces 4 low-pressure (suction) region as it passes the side of the
body. The lateral components of the vane forces will cancel, as will the
induced pressure forces on the body aft of the vane. In the case of antisym-
metric deflection, as shown in figure 30b, the lateral components of the vane
forces will add. The induced pressure forces on the body will tend to cancel,
but may not cancel exactly, due to the sensitivity of the vortex position to
vane deflection. Furthermore, the amount of induced pressure force is sensitive
to angle of attack.

It appears that the canceling pressure load induced by the negatively
deflected vane panel has a greater effect than the reinforcing pressure load
induced by the positively deflected vane panel (figure 30c). This difference
becomes more pronounced as the angle of attack increases; that is, as more of
the vortex core sweeps up along the side of the body, as shown in figures 26
and 27.

In order to confirm the aforementioned hypothesis about the observed
characteristics of the side force data, a single vane panel (right) of the
modified vane configuration was tested at various combinations of surface
deflection and body angle of attack. Figure 31 displays the data. The data
for the vane off and at 0° indicate a sizeable asymmetric lateral force for
this model. o

Using these data, side force data for two vane panels deflected antisym-
metrically was constructed, and are compared in figure 32 with two panel data.
This figure shows that the majority of the observed side force characteristics
can be explained by use of the single panel data, and the interaction between
left and right panels is neg11g1b1e when compared with the <1ng1e vane-body
interaction.
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As the vortices from the vanes pass by the wings, nacelles, empennage, and
aft end.of the body, additional side forces and yawing moments are induced.
These are, like the vertical interference effects, dependent on airplane angle
of attack, vane deflection, and mach number. Variations of side force with
angle of attack are given in figures 33a through 33c for the original vane, and ;
in figures 34a and 34b for the modified vane. Here separate data are given for
the vane + body + wing stub (glove region present, but outer wing panel removed),
vane + body + wing (original vane only), and vane + total aircraft. It may be
noted that (1) the lateral interference effects are significant; (2) there is
noticeable interference load due to the presence of the outer wing panel, which
must be an additional induced body load since the wing has almost no effective
lateral arca; (3) some reverse total side force is possible at high angles of
attack; and (4) the lateral interference effects are not significantly reduced
for the modified vane configuration when compared with the original vane.

It should be noted that all of the wind tunnel tests run to determine vane
interference effects were static tests. The vane on the actual aircraft, how-
ever, operates in a dynamic turbulent environment. Analysis conducted with the
previously discussed interference effects, both included and excluded, show an
impact of interference effects on vane performance. However, it is hypothe-
sized that the atmospheric turbulence probably tends to break up the shed vane
vortices and thus causes them to be ineffective in producing the interference
effects on aircraft components some distance away from the vane. Interference
effects on the nearby forebody should still be present. This will be difficult
to prove. Analyses, though, are planned of flight conditions actually flown
where accelerations are measured when the SMCS is operating. The degree to
which flight test response data are matched with analytical data will provide o
some clue to vane effectiveness in a dynamlc environment. (o

SMCS Performance

- During the development of both the airplane and the SMCS, analyses were
made on a continuing basis to monitor the SMCS performance relative to improv-
ing ride quality. One such cycle of analyses is discussed in this section.

The analytical models of the flexible aircraft used in these design studies
employed modal (in contrast to direct structural influence coefficient)
techniques. The mass characteristics and stiffness data were continually
upgraded to reflect the airplane development; the stiffness and mass reflected
in the data presented herein include ground vibration test results. - Ten Sym-
metric and 12 antisymmetric structural modes have been included in the
analyses.

49

L RS :




Symbol| 9§ » Sg

A |+10°%, -10°

0O |+20°, -20°

a, deg

0.004

(a) vane + body + wing stub

Figure 33. - Original vane side force as affected by airc'rafty

components, M = 0.85.




S A,

Symbo 6L’ 6R

A | +10°, -10°

D +200, _200

o, deg

-0.004 0 0.004
Cy

(b) Vane + body + wing

~Figure 33. - Continued.

51

Y S T P T




'
u
?

Symbol (SL’ R

o, deg

-l :
-0.004 0 0.004
: Cy :

(¢} Vane + total aircraft

Figure 33. - Concluded.

52




T .
Symbol 6 » 8

o, deg

R

-0.004

0.004

! : 7 ' (a) Vane + body + wing stub

Figure 34. - Modified vane side force as affecfed by aircraft componénts, M= 0.85.

53

S e it

o e L
.

o
idines
i
ey
ot
n
’




T

Symbol

L’

A | +10°, -10°
O | +20° -20°

P

a, deg

-2 ~ -0.00kh

(b) Vane-+ total aircraft

| Figure 34.  — Concluded.

54

Cy

tro—




The acrodynamics associated with rigid aircraft shape reflect wind tunnel
test data. The longitudinal-symmetric aerodynamics associated with symmetric
structural bending and vertical gusts have been determined using unsteady sub-
sonic doublet lattice lifting surface theory correlated with wind tunnel test
results. The fuselage gust effects were determined using a modified slender
body technique. The horizontal tail control data were obtained using the
unsteady doublet lattice theory. The SMCS vane aerodynamics were quasi-steady
and hased on theory and correlated wind tumnel tests for both the longitudinal-
symmetric and lateral-directional-antisymmetric cases. 'The lateral-directional
rigid-body aerodynamics were from wind tunnel test data, while similar data for
the antisymmetric structural bending modes have been determined using doublet
lattice 1ifting surface quasi-steady aerodynamics; the rudder control effective-
ness was determined using doublet lattice unsteady aerodynamics theory. The
side gust loads on the fuselage were obtained using a modified slender body
theory; while the gust loads on the vertical tail were calculated using unsteady
doublet lattice theory.

The Von Karman gust power spectral density curve was used in calcula-
tions of the ride quality (crew sensitivity indexes, H, and H,), and the
rms accelerations due to turbulence, A and Ay The qcale length, L, was
152.4 m (500 ft).

Crew sensitivity index data for the vertical axis, both H, and the Hy
power spectral density curve, are presented in figure 35. Data are shown for
the basic aircraft, the SCAS operating, and the SCAS + SMCS operating. The
peak at low frequency is the short period response and the large structural
response at about 18 rad/sec frequency is a mode consisting primarily of first
fuselage vertical bending mode motion. As can be seen, the SCAS does its

“intended job of damping the short period motion, but slightly excites the pri-

mary mode contributing to vertical motion. The specification level for H; is
<0.028. The data presented show that operation of the SMCS substantially
reduces the structural motion (while not interfering with the short perlod) and
does, in fact, show capability for meeting the specification Hy.

“The lateral crew sensitivity index, ﬁy and the power spectral density
associated with Hy are presented in figure 36. Comparable data shown for the
vertical case are shown for the lateral; that is, basic aircraft response, and
the effects of SCAS and SCAS + SMCS operating on that response. The low-
frequency responses are related to the Dutch roll mode and the two responses
at 27 and 34 rad/sec are structural responses of aircraft modes which have
large first fuselage side bending mode components. The SCAS is shown to modify
the Dutch roll response but leaves the structural motion unchanged. Operation
of the lateral SMCS does not have as dramatic an impact on the structural mode
responses as does the vertical SMCS; however, the specification level of H)
<0.007 is met
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While the primary goal of the SMCS is to meet the ride quality require-
ment at the crew station, it is also of interest to see if the system reduces
(or excites) loads at other fuselage locations. Figure 37 shows the effect of
SCAS and SCAS + SMCS on the normal rms load factor, A,, along the fuselage;
and figure 38 shows similar data for the lateral rms load factor, A,. On both
figures it is shown that the SMCS reduces acceleration levels at all fuselage
stations below that for either the basic aircraft or SCAS operating.

Figures 39 and 40 demonstrate that the configuration with SCAS + SMCS
operating is indeed stable in both the vertical and lateral axes. This type
of stability analysis has proven efficient and reliable in the past, but may
be unfamiliar to some; refs. 6 and 7 are recommended for additional details of
this stability approach.

SMCS Vane Load and Hinge Moment Requirements

Load and hinge moment requ1rements for the SMCS vanes were set by
considering:

(1) Maximum deflection capability of the vane actuation system
(2) Additional vane relative angle of attack due to aircraft motion
(3) Vane planform and airfoil section

For the original vane configuration (350 leading edge sweep), the center
of pressure was assumed to lie at 0.35 of the mean aerodynamic chord (MAC).
The hinge line was placed at 0.20 MAC for flutter considerations; the most fore-
ward location practical with a standard vane airfoil section. This gave a
hinge moment requirement for sea-level operations at M = 0.85, of 326 526
centimeters-newtons (cm-N) (28900 inches-pounds) (in.-1b) for each vane panel.

The actuators designed to this requirement actually produced a 350 253 cm-N
(31,000 in.-1b) hinge moment capability. Furthermore, the system was designed
to have fully redundant hydraulics, so two complete actuation systems were
specified. Thus, the available hinge moment capability of the system, in its
operating condition was 700 506 cm-N (62 000 in.-1b) per vane panel.

When the change to the 60 leading edge sweep vane was proposed, one of

‘the ground rules was that there would be no changes 1nboard of the fuselage

mold line necessitated by the change in planform
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‘Note: stability indicated by continuously increasing phase angle; an instability
would show a slope change in sign at the unstable mode frequency.
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'Figure 39. - Stability analysis using frequency evaluation of characteristic
determinant, longitudinal - symmetric case, SCAS + SMCS operating,
"M = 0.85, hp = 762m (2500 ft), A, = 65°, medium weight.

19




ST T

Z9

stability indicated %y continuously increasing phase angle; an instability

Note:
would show a slope change in sign at the unstable mode frequency.
w v rad/sec

0 20 30 Lo 60

=100
¢ deg

-200
-300
-400

Pigure 40. - Stability analysis using frequency evaluation of characteristic determinant,
lateral-directional-antisymmetric case, SCAS + SMCS operating, M = 0.85, *
hp = 762m (2500 ft), A, = 65°, medium weight.




Review of the operational requirements dictated that the maximum vanc
angle of attack to the local free stream could be about 30° as determined by
the following relationship (upwash, €, ignored):

av = § +acosT

where
r is the dihedral angle of the vane (-30%)
Oy is the effective angle of attack of the vane
o is the instantaneous aircraft angle of attack
K is the vane deflection due to the SMCS vane actuation system

For sea-level operations at maximum speed, the maximum aircraft angle of
attack could be as much as 12° resulting from an escape pullup load factor
commanded by the terrain-following (TF) system in the event of a TF system mal-
function or penetration of a minimum clearance altitude. For a maximum vane
deflection of 200, the effective angle of attack of the vane would be then

-approximately 300. Using the DATCOM-estimated nonlinear normal force curve, a

normal force coefficient of 1.25 was estimated for a,, = 30°. This yielded a
maximum load on each vane of 42 507 N (9559 1b), which was specified as the
maximum possible operational load.

Hinge moment requirements were initially set by the more normal operational
TF requirement, rather than the maximum speed escape requirement. For normal
operations, the TF system commands a maximum pullup under sea-level operations

at M = 0.85 which results in a maximum load of 31 863 N (7163 1b) per vane panel.

For the 60° vane, then, the hinge line location was specified such that the
hinge moment corresponding to this load could be met by the existing requirement
of 700 506 cm-N (62 000 in.-1b). (It had been determined that a fully redundant
hydraulic system was not required, if the centering requirements could be met
by a single actuator.) Using a doublet lattice aerodynamics program, a chord-
wise center-of-pressure location of 0.42 MAC was estimated rather than the

0.35 MAC previously used. With the SMCS vane hinge line placed at 0.145 MAC,
the hinge moment required for full-vane deflection under normal load factor
pullup conditions is 651 538 cm-N (57 666 in.-1b), well within the 700 506 cm-N
(62 000 in.-1b) available from the two actuators per vane panel. - The assumption
was that this was the required hinge moment for operational capability, and the
vane could be permitted to blow back if a higher hinge moment was encountered.
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In the event of an SMCS failure, the system commands the vane to the
center position where it is held by a mechanical centering valve. It is
necessary to have an independent centering capability for each actuator. Since
the center of pressure is located aft of the hinge line, the centering cap-
ability required is to hold the vane against the load due to aircraft angle of
attack. For sea-level operations at maximum speed, a maximum holding moment
of 431 399 cm-N (38 182 in.-1b) is required. This requirement, which was
established after the vane hinge line had been fixed, caused a resizing of the
actuation system to a 903 878 cm-N (80 000 in.-1b) capability. Thus, the maxi-
mum load of 42 521 N (9559 1b) and corresponding maximum hinge moment of
869 440 cm-N (76 952 in.-1b) could be obtained under the specified conditions;
and blow back on this final design is not likely.

SMCS Fatigue Speétrum Development

There are two primary aspects of the problem of developing fatigue spectra
for a control configured vehicle:

(1) Predicting the cyclic load spectra of the control surface itself
together with associated mountings, actuation systems, and backup structure

(2) Predicting the effect of the CCV system on the overail spectrum of
the aircraft

The process of predicting the spectrum for the SMCS itself is a relatively

straightforward one consisting of the following steps:

(1) From a ride quality analysis of the aircraft in a low altitude, high-
speed flight condition, with the SMCS operating, statistical parameters of vane
deflection are obtained. They are:

As;  therms value of vane deflection for a gust level of
0.3048 m/sec rms (1 ft/sec rms)

N°6 the characteristic frequency of vane motion, i.e., the

average number of zero crossings per unit time

Sepa}ate values of these parameters are obtained for longitudinal-
symmetric (vertical gust) analyses and for lateral- d1rect10nal~antlsymmetrlc
(lateral gust) analyses.
, (2) The Aﬁ and N05 values from vertical and lateral gust analyses are
combined to give effectlve values for comblned turbulence, since the SMCS vane
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(3) An exceedance curve of magnitude of 8 versus exceedances per hour is

obtained by the

following method:

NORES [% exP( b, A, ) "r exP( b;SAG)]

where P, Py, by, and by are properties of atmospheric turbulence, dependent
only on altitude (ref. 8)

For low-altitude combined vertical and lateral turbulence:

Py = 1.0
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’N(G)

s
1, o0 2t
0s 2.9 A6

For a typical low-altitude high-speed flight condition, the following

parameters were

>
1}

=z
1]

obtained from a ride quality analysis:
0.01219 rad

1.8259 per sec

Figure 41 shows the exceedance curve for vane deflection obtained.
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(4) The exceedance curve is used to determine the total number of cycles
above each load level for each flight condition where operation of the SMCS is
planned, assuming the SMCS to be operating 100 percent of the time at that
flight condition.

(5) The loads on the vane for specified deflections are determined from
the normal force curve of figure 14, with a ratio of dynamic pressure applied
for various flight conditions. The occurrences of the various loads are then

. summarized and expressed as a percentage of maximum design load. The resulting
load spectrum is given in Table II, which expresses the total load history for
the SMCS vanes over the life of the aircraft. The loads on the vane due to

: the established spectra of airplane angle-of-attack variations due to gust and
maneuver, but with the SMCS not operating, were found to be a negligible incre-
ment to the SMCS operational load spectrum. ‘ :

(6) This load spectrum is then used in a stress analysis, and using
established stress versus number of load cycles (S-N) curves for the various
materials, the fatigue life of the various components of the SMCS vane and the
backup structure are estimated. The criterion that is used for proof-of- S
conformance testing on the B-1 is that the expected fatigue life shall exceed
four times the expected operational life.

‘A second area of concern is the effect of the SMCS on the cyclic load
spectrum to the other components of the aircraft. Although the B-1 was
designed to have complete structural integrity without the SMCS operating, it ‘
has been predicted that there will be some beneficial effects of SMCS operations |
on the fatigue loading spectrum, particularly on the forward portions of the
aircraft. The flight-by-flight load spectrum being used to demonstrate accep- |
table fatigue characteristics, therefore, includes the effect of SMCS for those
portions of the flight where it is expected that the SMCS will be operational.

SMCS Stiffness Requirements

SMCS vane flexible-to-rigid-ratio. - As has been described earlier in the
, report, the vane planform geometry was determined by the requirement to have.
s the force characteristics to be as linear as possible with angle of attack.
The resulting highly swept planform precipitated some concern about the pos-
sibility of losing force generating capability through flexibility of the
; surface. In order to check this, a flexible-to-rigid ratio for the vane's
% ‘ normal force curve was determined using the stiffness characteristics of the
' vane presented in appendix D. ' :
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TABLE II. — ANALYTIC FATIGUE LOAD SPECTRUIM FOR THE SMCS VANE

FLIGHT-BY-FLIGHT COMPOSITE MISSION

Spectrum load in terms of percent of
design limit load

Occurrences

Load Mission per
Step segment Maximum Minimum mission
1 Terrain 80.0 -72.0 1 occurrence every
fol’owing 10 missions
2 72.5 -62.2 1
3 57.0 -48.0 10
4 41.5 -34.2 100
5 25.5 | -14.0 1000
6 13.5 ~2.2 4883

2. This spectrum represents 1932 hours of terrain following.

NOTES: 1. There are 1280 such missions per lifetime.




The flexible-to-rigid ratio for the vane surface as-built was 0.90 for the
design condition of M = 0.85 at sea level. When the root flexibility encompass-
ing the actuators and backup structure was also considered, this ratio dropped
to 0.86. Based initially on judgment and later on flight test results, this
level of SMCS vane stiffness was accepted as sufficient.

It should be emphasized that the need for a high flexible-to-rigid ratio
for the surface became the prime stiffness requirement.

Flutter characteristics. - A single SMCS vane panel is moved by two
actuators (one located forward of the pivot and one aft). Each actuator is
fed by a separate hydraulic system. In the event of a hydraulic system failure,
the good actuator moves to neutral and holds the vane in this position. This
one-actuator-failed case was assumed to be a critical case with respect to
flutter, although not the most critical (this will be discussed subsequently).
The stiffness lost in one actuator is small as the first bending mode vibration
frequency indicates; the frequency changes but little from 22.8 Hz for the
normal case to 22.7 Hz for the failed case.

The SMCS vane panel stiffness, actuator and backup structure stiffness and
mass characteristics are presented in appendix D.

After generating vibration mode characteristics using the information in

- appendix D, the generalized aerodynamic forces were computed for M = 1.2, 1.7,

and 2.1 using mach box theory. Using these generalized forces, flutter
analyses were conducted for each case at five altitudes - sea level, 3048 m
(10 000 ft), 6096 m (20 000 ft), 10 668 m (35 000 ft), and 15 240 m (50 000 ft).
It was found that no flutter will occur for all cases at speeds of M = 1.2 and
higher.

Using similar methods, flutter analyses for M = 1.05 were also performedQ
Figure 42 presents the results of these analyses. Only the damping versus
velocity and frequency versus velocity curves for the critical first bending
flutter mode (single-degree-of-freedom) at sea-level conditions are presented.
The flutter velocity and frequency at other altitudes are listed. The vane
does not flutter at the true speed associated with M = 1.05 and shows adeguate
flutter speed margins with respect to this speed.

For the SMCS vane, the worst flutter case is both hydraulic systems out
that supply the SMCS actuators. In this situation the vane dynamic spring
constant drops to 70 051 N/cm (40 000 1b/in.) where the stiffness is supplied
by fluid trapped in an accumulator. To evaluate this case, figure 43 was drawn
showing flutter speed versus pitch actuator frequency at M = 1.05 for a number
of altitudes. The previously described flutter analysis at M = 1.05 provided
the data points at the actuator frequency of 22.7 Hz. The flutter velocity
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Figure 42.- SMCS flutter characteristics with aft actuator failed.
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data points at actuator frequencies of 19 and 1 Hz were obtained from flutter
analyses incorporating arbitrary reductions in frequencies to the values men-
tioned. By connecting the points for a given altitude, it was possible to
identify a point on that curve at the true velocity for M = 1.05 at that
altitude. Considering all altitudes, a critical flutter frequency of 16.5 Hz
was identified for the system. A vibration analysis of the SMCS vane, actuator,
and backup structure where the 70 051 N/cm (40 000 1b/in.) pitch stiffness was
incorporated for the actuator revealed a first mode frequency of 16.8 Hz. As
seen from figure 43, this produces only a 3-percent margin in speed.

In light of this inadequate flutter margin and the fact that using mach
box theory at M = 1.05 is stretching the theory some, a wind tunnel flutter
test of a full-scale SMCS vane having zero pitch restraint is planned but not
completed at this writing. Flight procedures presently require that flights
be restricted to subsonic speeds with a single hydraulic failure and thus pre-
cludes encountering this second-hydraulic-system-failed possible flutter
difficulty.

SMCS DESIGN DETAILS
SMCS Vane Construction

The key features of the SMCS vane construction details and materials used
are shown in figure 44. The trumnion and main box skins are made of steel.
The box main spars and ribs are titanium. The material forward and aft of the
main structural box is fiberglass honeycomb and skins. The leading and trail-
ing edge closeout strips are aluminum. :

SMCS Bearing Design

Each SMCS vane is supported by two pivot bearings, mounted in trunion
plates inboard and outboard of the actuator attach fitting (horn). Initial
design studies indicated that spindle-mounted needle bearings would probably
be the best approach to support the vane surfaces. Initial design selections
included Series NBC Torrington aircraft needle bearings with needle thrust
bearings, based on static-load requirements. Detail design on the bearing
housings and associated parts for this application was begun. This detail

‘design indicated problems in mounting of the bearings and also raised overall

concern as to the adequacy of needle bearmgs in the SMCS. Specific problems
were as follows.
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Typical cross section
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(not to scale)
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Figure 44. - SMCS vane construction details.
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(1) Marginal oscillating (dynamic) load capacity

(2) Inability to control thread torque on spindle nut so as o prevent
brinelling of the needle thrust bearings

(3) Concern over small amplitude motions that could cause severe fretting
of the needle bearing races

(4) No practical way to provide relubrication of the needle thrust
bearings.

As a result of these problems, alternate bearing designs were investigated.
The only practical alternate design appeared to be the use of teflon (TFE)
lined, plain spherical bearings to carry both the radial and thrust loads.
This type of bearing, however, has certain drawbacks for use in such an instal-
lation. They are:

(1) Sustained rapid motion will produce significant frictional heating
that is not as readily dissipated as in a grease-lubricated-type needle bearing.
Such heating could produce failure in the TFE liner.

(2) The maximum coefficient of friction with this type bearing is approxi-
mately 10 times greater than with a needle bearing (0.10 compared to 0.01) and
must be considered in relation to the available actuator power.

(3) TFE-lined bearings operate normally through a slow wear process of
the liner so that free play will increase during the useful life of the bear-
ing. A wear value of approximately 0.0102 to 0.0152 cm (0.004 to 0.006 in.) per
bearing is considered a practical amount to use for design purposes.

(4) The TFE liner has a finite wear life and prediction of the probable
life in terms of flight hours under these unusual operating conditions is very
difficult. The use of TFE-lined bearings in other more normal B-1 airframe
applications is based on the assumption that the bearings are good for the
total life of the aircraft.

In spite of these drawbacks, TFE-lined bearings offered the best com-
promise for this application. It was necessary, though, to explore the fric-
tional heating aspect and verify that power requ1rements were adequate using
TFE-1ined bearings.

A test was conducted on a TFE-lined plain spherical bearing typical of
the type contemplated for use in the SMCS. Test conditions were chosen to
simulate the most severe sustained operating condition in this application
within the capabilities of the test equipment. ' The analysis of the basic
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operating conditions indicated that the bearings must operate continuously at
an average rate of 60°/sec at an angle of +10°. (Rates as high as 200°/scc can
occur but for only brief periods of time.) The total duration during a life-
time at this condition is approximately 2000 hours. 'The bearing tested was a
Kahr KNDB16CR. This bearing has a bore of 2.540 cm (1.000 in.) and a spherical
ball outside diameter of 3.968 cm (1.562 in.) with the TFE liner bonded to the
spherical inside diameter of the outer race. The TFE liner used in this bearing
is one of the two approved for B-1 use. The bearings used in the actual pivot
points have bores of 6.350 cm (2.500 in.) (outboard) and 5.080 cm (2.000 in.)
(inboard) with corresponding spherical outside diameters of 9.042 cm (3.560 in.)
and 7.277 cm (2.865 in.) as shown in figure 45. The limit load for the outboard
bearing is 157 912 N (35 500 1b) and for the inboard bearing 114 764 N

(25 800 1b). In terms of loading at the TFE liner surface, the approximate .
values are 6894.8 N/cm? (10 000 psi) for the outboard bearing and 81.35.8 N/cm?
(11 800 psi) for the inboard bearing. At a rate of 60°/sec, the outboard bear-
ing has an average surface velocity at the spherical TFE-lined surface of

2.844 meters per minute (mpm) (9.33 feet per minute) (fpm); and the inboard, an
average surface velocity of 2.286 mpm (7.50 fpm). With the bearing tested, a
load of 66 723 N (15 000 1b) would give a unit stress of 8 894.23 N/cm2

(12 900 psi) and this load was well within the capabilities of the test equip-
ment. However, in order to obtain a surface velocity of 2.844 mpm (9.33 fpm)

at a motion of +10°, a speed of 180 cycles per minute (cpm) would be required
and this was not possible with the available test equipment. By increasing the
angle of oscillation, however, the surface velocity could be increased. At the
maximum angle of oscillation (+30°) and the maximum speed (60 cpm), the average
surface velocity with this test bearing was 2.493 mpm (8.18 fpm), approximately
12-percent below the desired surface velocity for the outboard bearing.

Loads, speeds, and degree of motion were varied to determine the effects
on frictional heating. Thermocouples were attached to the outer race of the
bearing and were continuously monitored. Frictional heating is a function of
both surface velocity and load and the results showed this relationship. Fol-
lowing this series of varied test conditions where it was determined that fric-
tional heating was not excessive even at the most severe conditions, the bear-
ing was cycled 1 000 000 times (298 hours) at a wnit stress of 8894.2 N/cm?
(12 900 psi) and a surface velocity of +1.24 mpm ( +4.08 fp.:. to verify that
early liner failure should not be anticipated. Posttest examination of the
bearing disclosed that it was still preloaded, indicuting negligible wear.

The liner appearance was excellent with only a very small amount of sluffing
(wear debris). '

On the basis of these test results summarized in table III and an analysis

of this application, the following conclusions were made relative to the use of
TFE-1ined plain spherical bearings in the structural mode control pivot points.
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TABLE III. - TEFLON BEARING TEST RESULTS

Load
Cycle No. Newtons (1b) Newtons/cu’ (psi) | Oscil motion | Speed cpm | Deg cycle | m/min (ft/min) | Coef of friction | Temp °C (°F)
1 44,482 (10 000) 5 902 (8 560) +15° 30 60° 0.622 (2.04) 0.061 29.44 (85)
200 ' 0.051 38.89 (102)
300 0.051 40.56 (105)
301 60 1.244 (4.08)
500 . 0.036 48.39 (120)
600 0.036 50.56 (123)
601 55.723 (15 000) 8 894 (12 900) 30 0.622 (2.040) 0.046
800 - 0.041 46.67 (116)
900 0.041 47.22 (17)
901 60 1.244 (4.08)
1 100 0.029 56.67 (134)
1 200 66 723 (15 060) 0.029 §7.22 (135)
1 201 88 96-4, (20 000) 11 859 (17 200) 30 0.622, (2.04) 0.041
1 400 0.039 52.22 (126)
1500 0.039 52.78 (127)
1 501 60 1.244 (4.08)
1 800 0.028 62.78 (145)
2 100 0.029 63.89 (147)
2 101 111 206 (25 000) 14 755 (21 400) 0.034
2 300 0.029 65.56 (150)
2 400 0.029 67.78 (154)
2401 66 723 (15 000) 9 894 (12 900) 30 0.622 (2.04) 0.029 ’
S OQO 0.034 48.33 (119)
33 000 . 0.024 40.56 (105)
33 001 88 964 (20 000} 11 859 (17 200) 60 1.244 (4.08) 0.024
33 200 0.019 46.11 (115)
33300 0.019 -46.11 (115)

)
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TABLE III. - Concluded

‘Load
Cycle No. Newtons (1b) }wka-wtons/cm2 (psi) Oscil motion Speed cpm Deg cycle m/min (ft/min) Coef of friction Temp °¢ °F
33 301 111 206 (25 060) 14 755 (21 400) +15° 60 60° 1.244 (4.08) 0.021
33.500 0.021 48.89 (120)
33 600 , 0.021 50.00 (122)
33 601 66 723 (15 000) 8 894 (12 500) +30° 30 120° 0.024
33 800 0.021 45.56 (114)
33 900 0.021 46.11 (115) e
33 901 60 2.483 (8.16) 0.15
34 200 i 0.15 57.22 (135)
35 900 ' 0.013 63.89 (147) ,
35 901 +15° 60 1.244 (4.08) 0.018 ;
36 900 0.018 51.67 (125) e
60000 0.021 51.67 (125)
134 000 0.021 51.67 (125)
378 000 0.015 51.67 (125)
488 000 0.015 51.67 (125)
574 ‘000 0.015 54.44 (130) -
. 660 800 0.018 52.78 (127)
747 200 0.018 52.78 (127)
1000 000 0.024 53.89 (129)
bgpiemrmr—r
g
———
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(1) Frictional heating sufficient to cause premature failure of the TFE
bearing liner should not be a problem under the presently known operating
conditions.

(2) The projected endurance life of these bearings cannot be predicted
because of the limited amount of test data available under these abnormal con-
; ditions. Very short life, however, is not anticipated based on the test.
| 3 Through periodic inspections, it should be possible to establish replacement

’ periods if this becomes necessary.

_ (3) The higher coefficient of friction for this type of bearing is not a
. , limitating factor on the basis of information from the actuator design group.

(4) Wear (free play) of the bearings will continue to increase during the
aircraft life and cannot be eliminated with this type of bearing. This fact
o must be considered in determining the feasibility of applying this type of
| bearing to a SMCS.

SMCS Actuation Design

The pressure of the basic hydraulic system at its source is 2757.9 N/cm2
( 4000 psi); at the end of the lines to the SMCS actuators it has been assumed
that a static pressure of 1723.7 N/cm? (2500 psi) will be available under maxi-
: mum rate conditions. The other important actuation design requirements of vane
| RO maximum deflection, maximum rate, and maximum hinge moment have been discussed
o in foregoing sections. The fail-safety philosophy for the SMCS was also a sig-
nificant actuation system design driver. The SMCS was to be a fail-safe system
and be free from flutter potential in any failure state. This requirement led
to the following implementation. Two servo cylinders actuate each of the two
s SMCS vane panels; one extends while the opposite retracts as shown in figure 46.
Lo Each servo cylinder actuating a given vane panel 1s supplied from one of two
: separate independent hydraulic systems. The airplane has a total of four
P separate hydraulic systems numbered one through four. The No. 2 hydraulic
i system feeds both the right forward actuator and the left aft actuator, while
. v , hydraulic system No. 3 feeds the right aft actuator and the left forward
- actuator. Thus, in the event of a failure in one of the hydraulic systems,
sufficient power is available to center and hold both vane panels. ' Then, in
the event of a failure of the second hydraulic system powering the SMCS
actuators, a reservoir system holds pressure on the actuators to prevent flutter.
Additional amplification of these design features is given in the following
paragraphs. , AR

i é ; Figure 46 shows the SMCS hydraulic system schematic while figure 47 pre-
o -~ sents the SMCS control valve and actuator operation schematic. For those
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minitiated in reading these more traditional forms of hydraulic operational
diagrams, figures 48 and 49 are presented. These latter two figures have been
assembled to illustrate a basic functional difference between the forward and
the aft actuators. In order to mechanize the actuation system for the worst
case of both hydraulic systems feeding the SMCS out, yet have sufficient flutter
integrity, the forward servo cylinder is different and more complex than the aft
servo cylinder to insure minimum stiffness.

There are three modes of operation which will be discussed and illustrated
with the aid of figures 48 and 49. They are (1) SMCS engaged; (2) SMCS dis-
engaged either because SMCS operation is not desired or because of a system
failure of some kind; and (3) both hydraulic systems feeding SMCS failed.

Consider, first, figure 48. The SMCS can be engaged or disengaged by the
pilot from the switch in the cockpit; but once the system is engaged, it can be
disengaged by a system failure of some kind. Both the engage and disengage
operation is accomplished by the hydraulic shutoff valve on the primary fluid
flow path to the left on the schematic. If the hydraulic system is operating
normally, the high-system pressure is sensed and causes the selector valve to
operate to permit fluid flow along the primary path only. This selector valve
is positioned by system pressure working against a spring-loaded spool. The
primary fluid flow is actively controlled by the electrohydraulic servo valve
according to the difference between the commanded actuator position and the
actuator position feedback. From the actuator, the hydraulic fluid returns to
the hydraulic power source through the return shutoff valve. This is the pri-
mary active mode of operation for the SMCS.

Secondary hydraulic fluid flow permits the passive control ot the SMCS
actuator. This flow is always available unless there is a hydraulic power
source failure. The flow through the secondary path is activated by disengage-
ment of the SMCS through pilot action or a system failure. With the primary
fluid flow path cut off by the hydraulic shutoff valve, the system pressure
drops and causes the selector valve to move in a manner so as to select second-
ary fluid flow. .The pressure accumulator maintains pressure along the secondary

flow path for over 2 hours even if the hydraulic power source should fail (check

valves prevent reverse flow). The flow to the actuator is now controlled by
the passive walking-beam arrangement of the hydromechanical centering valve.
This control path does nothing more than center the actuator and hold it in this
position. From the actuator, the hydraulic fluid returns to the power source
through the return shutoff valve. If the secondary flow pressure is low because
of hydraulic source failure, the unbalanced return shutoff valve closes this
return path in order to maintain minimm stiffness requirements through the
pressure accumulator.

The functions just described for the aft actuators can be identified in
figure 49 for the forward actuators. The main difference between the forward
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Figure 48. - Functional schematic of hydraulic flow through aft SMCS actuator.
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and aft actuators can be seen in the lower part of figure 49. The forward
actuator is a tandem actuator where the forward section is connected to a

damper accummulator. If the secondary flow pressure is down, the bypass valve

is closed in addition to the return shutoff valve. Thus, minimum-stif{{ness
pressure is available for 2 hours from two sources in the forward actuator sec-
ondary flow (1) in the pressure accumulator, and (2) the damper accumulator. The
significant feature of this arrangement is that the damper accumulator of the
forward section could still function even if the secondary flow path through

the pressure accumulator were destroyed.

For simplicity, figures 48 and 49 do not reflect the check valves, relief
valves, and orifices as do figures 46 and 47. However, the check valves pre-
vent flow from backing up and the relief valves allow fluid to return to the
hydraulic power source when line pressure becomes too large from either load or
temperature increases.

Another feature should be mentioned, but is not illustrated in figures 48
and 49. This is the actuator pressure sensing feature which coordinates the
push-pull of the forward and aft actuators.

Because the forward and aft hydraulic servo actuators have different
peripheral functions as described, they have dlfferent physical characteristics.
They are described as follows:

Forward Hydraulic Servo Actuator

Bore diameter 5.380 cm (2.118 in.) maximum
Rod diameter 3.487 (1.373 in.) maximum
Stroke 8.941 (3.520 in.) maximum
Afea to extend/r